a NC scheme allows RNs to combine the information received from different information source nodes (SN) before broadcasting them to various DNs. In this contribution, we consider a 'butterfly' topology based NC scheme [12] , where two SNs and two DNs are assisted by a single RN. Our novel contributions are as follows:
1) First, we derive the Log-Likelihood Ratio (LLR) [13] formula for the soft-decision demodulation of 16-StQAM. Then the performance benefits of using this new formula will be quantified in the context of a TC [8] aided 16-StQAM scheme, when communicating over correlated Rayleigh fading channels. Note, however that the proposed soft-decision based 16-StQAM demodulation principles may be readily extended to DAPSK schemes having more than two concentric PSK constellations. 2) Finally, we employ the 16-StQAM aided TC based physical layer scheme for assisting a butterfly topology based NC system. A power sharing mechanism is also proposed for further reducing the overall transmit power requirement of the network.
The outline of the paper is as follows. Our system model is described in Section II, while our results and discussions are detailed in Section III. Our conclusions are presented in Section IV.
II. SYSTEM MODEL AND ANALYSIS

A. Star-QAM Mapper and Soft-Decision Demapper Aided TC
1) Star-QAM Mapper:
As seen in Fig. 1 , the 16-StQAM mapper consists of three components, namely the amplitude selector, the 8PSK mapper and a differential encoder as detailed in Chapter 11 of [2] . The 8PSK mapper and the differential encoder jointly form a conventional 8-level DPSK (8DPSK) mapper. The Most Significant Bit (MSB) of the BICM-encoded symbol, namely b3, is used for selecting one of the two possible amplitudes. More specifically, b3, is used for selecting the amplitude of the PSK ring, a k . The two possible amplitude values are denoted as a (1) and a (2) , respectively. When the MSB of the kth TC symbol is given by b3 = 0, the amplitude of the PSK ring will remain the same as that of the previous value, yielding a k = a k−1 . By contrast, the amplitude of the PSK ring will be switched to the other legitimate value, if b3 = 1. This amplitude selection mechanism may be referred to as 2-level Differential Amplitude Shift Keying (2DASK). After normalisation for the sake of maintaining a symbol energy of unity, we have a
The amplitude value of the reference symbol is given by a0 = a (1) . The remaining 3 bits, namely b2 b1 b0, are used by the 8DPSK mapper. Note that similarly to any DPSK scheme, we insert a reference symbol at the beginning of each frame in front of the 16-StQAM mapper of Fig. 1 .
The kth differentially encoded symbol v k can be expressed as:
where by v0 = μ(0 0 0). The kth 16-StQAM symbol is given by:
where a k ∈ {a (1) , a (2) }. 2) Star-QAM Soft Demapper: The soft-decision based Star-QAM detector is shown in front of the TC decoder (TC −1 ) of Fig. 1 , where the kth received symbol can be written as:
where h k is the Rayleigh fading channel's coefficient, and n k represents the AWGN having a variance of N0/2 per dimension. Assuming a slowly fading Rayleigh channel, where h k ≈ h k−1 , we can rewrite (3) using (1) as:
where
is the ratio of the kth and (k − 1)st amplitudes,
Three amplitude ratios can be derived from the two PSK ring amplitudes of the 16-StQAM as follows:
The noise variance ofñ k in (4) can be computed as:
where (5) and (6), we can derive the LLR of b0, b1, b2 and b3 at (7) and (8), where w (m) = μ(b2b1b0) and μ is the conventional 8PSK mapper function and P a (bi) represents the a priori bit probabilities. where bi denotes the ith coded bit of the symbol and χ(i, b) is the set of constellation points having the ith bit set to b.
3) Analysis of 16-StQAM Aided TC Scheme: Extrinsic Information Transfer (EXIT) Charts [14] - [16] are used for analysing the 16-StQAM scheme. Fig. 2 shows the EXIT curves of two different inner codes and that of the outer TC of Fig. 1 , complemented by the decoding trajectories of the 16-StQAM and 16DPSK aided TC schemes. Meanwhile, the EXIT curve of an outer convolutional code is shown as a reference. The inner code's EXIT curve recorded for our 16-StQAM symbol-to-bit demapper (the solid-straight line) has a higher starting point at IA 1 =0 than that of the 16DPSK (the dottedstraight line), although they have a similar value at IA 1 =1. Note that the area under a specific EXIT curve is related to the achievable channel capacity [14] - [16] and this area under the 16-StQAM EXIT curve is higher than that under the 16DPSK inner code's EXIT curve. Hence, the capacity of the 16-StQAM based scheme is higher than that of the 16DPSK based scheme. Furthermore, it is also seen in Fig. 2 that the TC-aided 16-StQAM scheme requires a lower number of decoding iterations in order to achieve decoding convergence to a vanishingly low BER compared to that of the TC-aided 16DPSK scheme. It is worth noting that the EXIT curve of the convolutional decoder does not match that of the 16-StQAM demapper, while that of the TC does. Table. I
B. Network Coding Model
Fig . 3 shows the NC topology used in our study. The system consists of two SNs: SN1 and SN2, a RN and two DNs: DN1 and DN2. During the first cooperative transmission period, the binary sequence b1 emanating from SN1 is turbo-encoded and (16-StQAM or DPSK) modulated to generate the sequence xs 1 , before it is transmitted to both RN and DN2. The estimated sequenceb1 is available at both RN and DN2 after demodulation and decoding. Similarly, during the second cooperative transmission period, the binary sequence b2 emerging from SN2 is turbo-encoded and (16-StQAM or DPSK) modulated to generate xs 2 , before it is transmitted to both RN and DN1. The estimated sequenceb2 is available at both RN and DN1 after demodulation and decoding. Then, RN combines both decoded information sequences with the aid of binary modulo addition as b3 =b1 ⊕b2, before it is turbo-encoded and modulated, yielding xr. In the last cooperative transmission period, xr is broadcast to both DN1 and DN2. After demodulation and decoding the estimated sequenceb3 becomes available at both DN1 and DN2. Finally, the estimate of b1 can be obtained at DN1 with the aid ofb1 =b3 ⊕b2. Similarly, we haveb2 =b3 ⊕b1 at DN2 . Let us now consider the overall throughput and the path-loss reduction factor in the following two subsections: 1) Overall throughput of our system: In our NC aided system, the overall throughput can be formulated as:
where Rs = number of sources time slots is the overall system's normalised throughput, i.e. rate, while Rc is the coding rate and Rm is the number of bits per modulated symbol. Hence, in our proposed system we have Ro = 2/3 × 1/2 × 4 = 4/3. The throughput of a noncooperative scheme is given by Ro = 1/1 × 1/2 × 4 = 2.
2) Reduced-distance-related pathloss reduction (RDRPLR): The RDRPLR of the S1R link with respect to the S1D1 link can be expressed as [17] , [18] :
where the pathloss exponent equals to ℵ = 2, when a free-space pathloss model is assumed. Similarly, the RDRPLR of the RD1 link in relation to the S1D1 link may be formulated as:
Naturally, the RDRPLR of the S 1D1 link related to itself is unity, yielding, GS 1 D 1 = 1, where dS 1 R represents the distance between SN1 and RN, while dRD 1 is that of the RD1 link and dS 1 D 1 is that of the S1D1 link.
From the network topology of Fig. 3 , dS 1 D 2 may be calculated as:
Furthermore, the above algorithm can be used for the S2D2 link. When RN is located at the centre denoted as 'C' in Fig. 3 , we have
C. Power Sharing Methodology
When the RDRPLR factor between node a and node b, namely G ab , as well as the transmit power of node a, namely Pt,a, are considered in the communication link from node a to node b, Eq. (3) becomes:
The average received Signal to Noise power Ratio (SNR) at node b is given by:
where E{|h k | 2 } = 1, E{|x k | 2 } = 1 and the received power at node b is given by Pt,aE{|G ab |}E{|h k | 2 }E{|x k | 2 }. For ease of analysis, we define the ratio of the power transmitted from node a to the noise power encountered at the receiver of node b as the transmit SNR 1 [17] given by:
Hence, we have:
where γ r = 10 log 10 (SN Rr) and γt = 10 log 10 (SN Rt). Note that the effective receive power (or γr) at the RN and that at the DNs will be different when the corresponding communication links experience different RDRPLR. Therefore, it is not power-efficient, if the SN and RN use the same transmit power (or transmit SNR, γt), because not all communication links in Fig. 3 experience the same RDRPLR. In order to minimise the overall transmission power in the network, we also investigate an appropriately designed power sharing approach, where the SN and RN can use different transmit power levels, as long as the sum of them equals to the targeted average transmit power. Even when the SR and RD distance is identical, because the RN is at the half way position, their propagation channels, physical-layer solutions and BER-requirements may be different. These differences underline the importance accurate power-sharing and control. Let us denote the transmit SNR at SN1, SN2, RN, DN1 and DN2 as γt,S 1 = 10 log 10 (SN Rt,S 1 ), γt,S 2 = 10 log 10 (SN Rt,S 2 ), γt,R = 10 log 10 (SN Rt,R), γt,D 1 = 10log 10 (SN Rt,D 1 ) and γt,D 2 = 10 log 10 (SN Rt,D 2 ), respectively. We also define the transmit SNR difference between SN1 and RN, as well as that between SN2 and RN as:
10 log 10 (δS 1 R) = 10log 10 (SN Rt,S 1 /SN Rt,R) , (17) and ΔS 2 R = γt,S 2 − γt,R 10 log 10 (δS 2 R) = 10log 10 (SN Rt,S 2 /SN Rt,R) , (18) respectively. From Eqs. (17) and (18), we can compute the average transmit SNR as:
Hence, once we know the target average transmit SNR as well as δS 1 R and δS 2 R, we can compute the transmit SNR at the RN from:
Similarly, we can determine the transmit SNR values at SN1 and SN2 from:
Note that when no power sharing is employed, all nodes use the same transmit SNR, yielding SN Rt,S 1 = SN Rt,S 2 = SN Rt,R = SN Rt. The quantities ΔS 1 R and ΔS 2 R are determined based on the RN location and hence they are dependent on the corresponding RDRPLR factors. More specifically, ΔS 1 R is the difference of the RDRPLR factors between the RD2 and S1D2 links:
Similarly, ΔS 2 R is the difference of the RDRPLR factors between the RD1 and S2D1 links:
Note that we have GS 1 D 2 = GS 2 D 1 = 2 in the network topology shown in Fig. 1 . Hence, when the RN is situated at location 'C' in Fig. 1 , we have ΔS 1 R = ΔS 2 R = 10 log 10 (4)−10 log 10 (2) = 3 dB. The ΔS 1 R and ΔS 2 R values corresponding to different locations are given in Table. I. Our aim is to make sure that the received SNR for the RD1 (RD2) link and that for the S2D1 (S1D2) link are always identical for any combinations of the RDRPLR values GRD 1 and GS 2 D 1 (GRD 2 and GS 1 D 2 ). The difference between the RDRPLR values is compensated by the assignment of different transmit power levels. 
III. SIMULATION RESULTS
The performance of the 16-StQAM-TC and 16DPSK-TC schemes combined with the related NC schemes is investigated based on the simulation parameters of Table I . Fig. 4 shows the Bit Error Ratio (BER) performance of the 16-StQAM-TC aided NC system, when employing RNs at different locations shown in Fig. 3 , at a given SNR per bit of E b /N0 = 13 dB. When R is located at 'E', which is in the middle of DN1 and DN2, the BER of the NC scheme without power sharing is the highest compared to other locations. As seen in Fig. 4 , when the RN is located at 'C', which is in the centre of the butterfly-topology of Fig.3 , the best BER performance is obtained for the scheme operating without power sharing. The dotted line illustrates the BER performance of the system invoking power sharing. It is worth noting that a RN situated at location 'D' would attain the best performance amongst the five locations considered in the presence of power sharing. This is because at location 'D' we have dS 1 R ≈ dS 1 D 2 , which means that the received SNR at the RN is almost identical to that at the DN2, when SN1 broadcasts its signals to RN and DN2. This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE Globecom 2011 proceedings. channels. As seen in Fig. 5 , the 16-StQAM-TC scheme outperforms the 16DPSK-TC arrangement by about 1.5 dB at a BER of 10 −5 . This is mainly because the 16DPSK scheme has a lower minimum Euclidean distance between its adjacent constellation points than that of the 16-StQAM scheme. The 16-StQAM-TC assisted NC aided scheme operating without the power sharing mechanism outperforms the 16-StQAM-TC scheme by approximately 1.2 dB. When power sharing is used, the optimum RN location is closer to the DNs, so that dS 1 R = dS 1 D 2 and dS 2 R = dS 2 D 1 , where the corresponding RDRPLR values are GS 1 R = GS2R = 3 dB and GRD 1 = GRD 2 = 8.73 dB. Another 1 dB of gain is attained by the power sharing based NC scheme. Similar trends can also be observed from the Frame Error Ratio (FER) versus E b /N0 performance curves seen in Fig. 6 . 
IV. CONCLUSIONS
We have derived the symbol-to-bit soft-demapper LLR formulae for the 16-StQAM scheme and investigated its soft-decision aided performance in the context of a TC scheme. The 16-StQAM-TC scheme outperforms the similar throughput 16DPSK-TC scheme by about 1.5 dB at a BER of 10 −5 , when communicating over correlated Rayleigh fading channels having a normalised Doppler frequency of 0.01.
We have also investigated a 16-StQAM-TC assisted NC scheme relying on a butterfly network topology. It was found that as expected, the achievable BER performance is affected by the location of the RN. More specifically, when the transmit power at the SNs and RN are identical, the RN located at the centre of the butterfly network topology achieves the best performance. However, when the power sharing approach is invoked, the optimum RN location is closer to the DNs, where another 1 dB of power gain can be attained.
